Abstract-Energetic efficiency and stability are the fundamental criteria which can improve the autonomy and task performance capabilities of humanoid robots. The scope of this paper is to investigate the energetic effects of knee locking and addition of torsional springs to different joints of a sevenlink fully actuated planar bipedal robot. The focus is on the reduction of energy consumption during walking. The energetic cost of walking is determined without joint stiffness and knee locking as a baseline for the comparison of results. In the first approach, the gait trajectory is optimized by adding springs to different joints and energetic cost of walk is then calculated at different walking speeds. The second approach presented in this paper is to mechanically lock the support knee and then optimize the gait and calculate the walking cost. The energetic cost of walking determined for the above two cases is then compared to the baseline cost. It is observed that addition of torsional springs at both hips reduce the walking cost up to 50%, support hip up to 85% with spring stiffness as an optimization variable for both cases while mechanically locking the support knee reduces the cost of walking up to 25% with gait and knee locking angle optimized.
I. INTRODUCTION
In the past two decades, the studies on the passive robots have significantly attracted the attention of researchers to solve the problem of energy optimization and human like walking. A robot is called passive when no external energy (actuator) is required for walking. In 1990 McGeer [15] had first presented his work on passive dynamic walking and demonstrated that it is possible to exploit the mass distribution of the robot to make it walk on a shallow slope without actuation [9] .
Based on the McGeer's work on passive walkers, research community of humanoid robots has developed passive dynamic walkers with minimal actuation to make them walk on flat surfaces [3] , [4] . These robots are capable of walking on flat surfaces and have energy cost almost equal to that of the human. The three most famous level ground powered walking robots based on the ramp-walking design are the Cornell biped, the Delft biped (Denise) [2] , [24] and the MIT learning biped [4] . These powered bipeds have motions close to those of their ramp-walking counterparts [4] . Gini et all [9] extended this idea to fully actuated robots and constructed their robot with joint compliance and special knee design to improve walking efficiency.
The humanoid robots are biologically inspired robots. They look like a human having two legs, torso and hands, although several types of bipedal robots may model only part of the body. For example, most of the active dynamic walking bipeds in research laboratories have only two legs and a torso [20] , [21] , [7] . The number of humanoid robots having arms, head and feet are increasing and researchers are concentrating on the energetic effects of arms, feet and compliance in the walking gaits by adding springs to the bipeds. Most of the researchers including [6] , [19] , [20] , [17] are motivated by the hypothesis that bipeds with compliant ankles may be able to exhibit more natural-looking gaits with better energetic efficiency and walking stability as compared to bipeds without compliant joints. Several researchers studied that the design of the knee joint can help to improve the walking efficiency [10] and others concentrated on the addition of passive elastic members in the knee and hip joints. The compliant swinging leg can reduce energetic cost by producing anti-gravity torques that lower the amount of actuator work required for leg swinging [16] .
The most important and critical issue in the field of robotics especially in the humanoid robot's gait generation is the consumption of energy during walking. The researchers are trying to get bipeds to approximate the motions of human walking as closely as possible while being stable and efficient [3] , [18] , [25] . Studies show that the legs of the humanoid robots consume more energy in the stance phase than in the swing phase [5] . This difference in energy consumption is because of the demand of high torques to support the robot weight on the ground. Therefore, there is room for significant improvement in optimizing the energy consumption of the support leg. Förg [5] studied that the most inefficient (energy consuming) joint is the support knee joint. They introduced springs to reduce the consumption of energy.
Recently linear elastic members (springs) have been used to recover the lost energy, decrease the energy consumption and to stabilize the walking gait. In most of the cases, springs are added to the ankle of the biped to store energy and to use it when needed. This stored energy is mainly used during ankle push-off just before heel strike of free leg. Geyer et al. [8] introduced the idea of spring legs with compression springs for walking and running. They showed that compliant legs are essential to explain walking mechanics. They studied a bipedal spring-mass model which includes the double support as an essential part of its motion and reproduced the characteristics dynamics of walking. Their model combines the basic dynamics of walking and running in one mechanical system. In another study, compliant controller is used to tune the stiffness of the adaptable compliant actuator to reduce energy consumption of the biped Lucy during walking [23] . Lucy is powered by pleated pneumatic artificial muscles and is able to walk up to a speed of 0.15 m/s.
Studies indicate that there is a direct trade-off between the toe-off impulse from the trailing leg and the rotational torque between the legs [14] . Using the toe-off impulse alone to power the gait is four times less energetically expensive then using the hip torque alone [13] , [14] . Another method of reducing energy consumption is to mechanically lock the support knee just before impact and release the lock at the end of double support phase. The knee-lock with active release mechanism is found to be technologically simple and energetically efficient [22] . However, neither the combined effects of knee locking and addition of springs have been explored nor the effects of compliance on energy consumption have been presented as a function of walking speed.
In this paper, we carried out four different studies, first on the robot with no springs and no locking mechanism, second with spring at different articulations, third with knee locked during support phase and fourth with the support knee locked and springs added to hip joints. We assume that the support knee can be mechanically locked and the torque required is provided by the mechanical lock. The mass of the locking mechanism is considered to be negligible. All the joint actuators are supposed to be frictionless and the torque and velocity discontinuities are allowed at impact. Similar kind of study has been done and presented for impactless walking of the biped [11] .
Our simulated robot is composed of a trunk (including mass of arms), two thighs, two shins and two feet. The steps are considered to be cyclic having single support phases separated by flat foot impulsive impacts. The reference gait trajectories are defined by cubic spline functions of joint angles.
The paper is structured as follows: physical parameters of the robot and type of studies carried out are presented in section II, section III presents the dynamic model of the robot. In section IV optimization strategy with and without springs and with knee locking is explained. This section also presents the numerical study of the influence of springs and knee locking on the energy consumption of bipedal robot during walking at different walking speeds. Results are explained in section V while section VI gives the conclusion and perspectives.
II. PRESENTATION OF THE ROBOT
Our seven-link bipedal robot, presented in figure 1 , is a planar bipedal robot, composed of two identical legs and a torso. Each leg consists of a thigh, shin and a rigid flat foot. All joints are revolute, frictionless and can only move in the sagittal plane. The desired gait consists of single support phases separated by instantaneous and perfectly inelastic impact phase. Right and left feet are supposed to be the stance and swing foot respectively.
The walking step starts with a single support phase and ends with an impact on the swing foot where the feet exchange their role i.e. the stance foot becomes the swing foot and vice versa. The impact is considered to be flat foot and there is no rotation on the support heel or toe during swing phase. Stance foot is considered as the base link R 0 of the robot. The physical parameters of the robot in 2D are presented in table I. These parameters are derived from the humanoid robot HYDROiD [1] having body mass and length similar to those of a human. The HYDROiD is in the manufacturing phase and will be available for experimentation in third quarter of this year.
We carried out four different types of studies which are explained below:
Case A. The robot's walking trajectories are optimized and the energetic cost of walking is calculated without adding springs or blocking the knee. Case B. Springs are added to the hip, knee or ankle joints of the robot. These studies have the following two sub-cases: Case B1. Spring is added only to the support leg joints (ankle, knee or hip). Case B2. Identical springs are added to both joints of the ankle, knee or hip. In all the cases where a spring is added to any of the joint, the spring stiffness coefficient K is optimized along with the gait. The spring offset or bias angle q sj is kept zero which helps to keep the biped in vertical standing position and reduces the applied actuator's torque. Case C. The knee of the stance leg is mechanically locked at impact and during the entire support phase without adding springs at any of the joint. Case C1. The knee locking angle (β) and the walking gait are optimized. Case C2. Based on the numerical values obtained in case C1, a constant value of β is selected and then the gait is optimized. Case D. Support knee is mechanically locked and identical springs are added to both hip joints. The knee locking angle β and spring stiffness K are optimized along with the gait trajectory. 
III. MODEL OF THE ROBOT
In this section, the dynamic and impact models for the biped under study are established and discussed in detail for the four cases presented in Section II. Our dynamic model is based on the assumption of flat foot contact with the ground, which means that the support foot does not rotate during the swing phase and the swing foot touches the ground with flat contact at the end of the swing phase.
A. Dynamic Model in Single Support
The robot configuration in single support phase can be described by the reduced position vector q = [q 1 q 2 q 3 q 4 q 5 q 6 ] t . This representation is shown in figure 1 .
t is the joint torque vector and R j = [R x R y ] t contains the ground reaction forces on foot j.
The dynamic model can be developed by using the Lagrange formulation. In single support phase, the dynamic model, considering an implicit liaison of the stance foot with the ground, i.e. there is no take off and no sliding during the single support phase, can be written:
where A(q) ∈ R 6×6 is the positive definitive inertia matrix, C(q,q) ∈ R 6×6 contains the Coriolis and centrifugal forces, G(q) ∈ R 6×1 is the vector of gravity forces. The ground reaction forces acting on the feet can be calculated by applying the dynamic equilibrium principle at the center of mass of the robot.
Here m is the biped's mass,ẍ g andÿ g are the horizontal and vertical components of the biped's center of mass respectively, R jx and R jy are the horizontal and vertical components of the ground reaction force on the foot j respectively. In single support phase, the ground reaction force R 2 on the swing foot is zero which enables us to calculate the reaction force R 1 on the stance foot by using equation (2) .
B. Dynamic Model in Double Support
The dynamic model in double support phase can be written to take into account the reaction forces applied by ground on the robot. For the definition of the dynamic model in double support, we use spatial coordinate system with explicit liaison. Hence the state of the robot can be represented by
C. The Impact Model
As we are considering impulsive impact, the support foot will immediately leave the ground after having impact on swing foot (foot 2). Therefore the term J A(q e )q e + C(q e ,q e )q e + G(q e ) = Γ + J t 2 R 2 (4) Now the following constraints can be added by using the Jacobian of foot 2.
The impact model is deduced from the dynamic model in double support by assuming that the acceleration of the robot and the reaction force are Dirac delta-functions. The impact model is derived from equation (4) and is written in the following form:
Whereq − e andq + e are the vectors of links velocities before and after impact respectively. Vector I 2 ∈ R 3×1 represents the impulsive ground reaction forces and moment on the support foot. The velocity of the swing foot (new support foot) after impact is zero and this constraint is expressed as:
The matrix equations (6) and (7) are simultaneously solved to find the velocities vectorq e + just after impact and the impact impulsive forces and moment vector I 2 ∈ R 3×1 .
The above system of equations is based on the following hypothesis:
1) The impact is inelastic and instantaneous 2) The swing leg hits the ground with flat foot and the support leg leaves the ground immediately after impact 3) The robot configuration is constant during impact 4) The velocities, accelerations and torques are discontinuous at impact
D. The Impact Model with Knee Locked
We suppose that the knee of the robot can be locked mechanically at any desired or pre-selected position. The knee locking mechanism is assumed to be weightless and its energy consumption is negligible. The locking is bilateral and the torque at knee joint is provided by the mechanical lock. The knee is locked just at impact and remains locked until the other foot (swing) comes in contact with the ground. At this point, the previously locked knee is released and the new support knee is locked.
The knee locking at impact modifies the impact model in equation (6) and the modified impact model is
where I k is the impulsive reaction on the locked knee and J k ∈ R 1×9 represents the Jacobian of the locked knee. The velocity of the knee joint after impact must be zero and for this we impose the following constraint equation
The matrix equations (7), (9) and (10) are simultaneously solved to find the velocities vectorq + e just after impact, the impact impulsive forces and moment vector I 2 ∈ R 3×1 of the support foot and the knee impulse I k . The system of equation is written in matrix form as below:
E. Dynamic Model with Springs
The goal of our work is to improve the energy efficiency of the bipedal robot under study and for this purpose, we added torsional springs to the robot structure in parallel with the existing actuators. These springs helped to reduce the actuator torque and consequently the energy consumption of the biped. The dynamic model (1) with elastic elements becomes
Where Γ s is the vector of spring torque and is obtained from following equation.
Where j is the joint on which spring is installed, n is the total number of joints and Γ sj is the spring torque provided by joint j. The spring torque is obtained from derivative of the spring potential energy. The potential energy of the spring is given by:
Where U j and K j are the spring potential energy and spring stiffness respectively at joint j, q j is the angle between link j and j − 1 and q sj is the spring offset or bias angle at joint j.
According to Lagrange formulation, to calculate the spring torque vector Γ sj on j th joint, we have
F. The Zero Moment Point (ZMP) of the Biped
To avoid the rotation of the support foot, the ZMP of the biped must be located in the supporting foot area. The position of the ZMP is the point on the ground such that the moment exerted by the ground is zero along the ankle axis. The foot geometry of our biped is presented in figure  2 and from the balance of forces on ankle axis, the ZM P x in single support phase is calculated from equation (16) . Fig. 2 . Biped foot geometry (mp is the foot mass, g is gravity and Sp is foot mass center)
IV. TRAJECTORY OPTIMIZATION
In optimization problem, reference trajectory for a walking step is generated and then optimized to minimize a criterion under constraints. We are using a polynomial of order four for the evolution of actuated joints motion as a function of time to generate reference trajectory. A fourth degree polynomial ensures that the jerk of the joints motion is continuous. To reduce the number of optimization parameters, we consider the reference trajectory to be cyclic. The trajectory is repeated after every walking step. The reference polynomial function is represented below:
To determine the coefficients of equation (17), five boundary conditions are needed. These boundary conditions are the initial joint configuration q ini , velocitiesq ini at time zero, the intermediate configuration q int at time T /2, the final joint configuration q f in , and velocitiesq f in at time T .
A. The Optimization Parameters
The optimization parameters of the robot are presented in this section. These parameters are optimized using the parametric optimization procedure to find the optimal solution by minimizing the predefined optimization criterion. The Sequential Quadratic Programing (SQP) method [10] is used to optimize the reference trajectory using the Matlab fmincon function. We need to define the criterion (objective function) to minimize, the set of parameters to optimize, and the constraints the robot must satisfy during walking. The optimization parameters used in our study are • 4 parameters just before impact (i.e. hip configuration (h x , h y ), trunk angle around horizontal axis and step length d).
• 6 parameters of final velocities just before impact. Initial velocities (velocities just after impact) can be found by impact model.
• 6 parameters of intermediate configuration of the robot. The walking speed is manually selected and the step time T is calculated from distance traveled d (step length) and the selected speed.
B. The Optimization Criterion
The criterion we used is based on the actuator's torque. This criterion is used to optimize the trajectory, which minimizes the actuators effort to take one step i.e. cover the distance d for a motion on a half cycle of duration T .
Where C Γ is the objective function to minimize and Γ represents the joints torque matrix. For electrical DC motors RI 2 , which is proportional to Γ 2 are the losses by Joule effect where R and I are the motor resistance and current respectively.
Our objective is to minimize the optimization criterion C Γ by finding the optimal values of optimization parameters P 0 under non-linear constraints and polynomial functions of degree four as basis of motion. The optimization problem is formulated as follows
Where C Γ (P 0 ) is the objective function to minimize with l constraints g j (P 0 ) ≤ 0 to satisfy. These constraints are defined in the following section. For our parametric optimization problem, we have sixteen parameters to optimize for our robot trajectory without addition of springs.
C. The Optimization Constraints
To ensure that the biped will successfully walk and the trajectory is possible, a number of constraints must be satisfied. Two types of constraints are applied to ensure walking on level ground. 1) Basic Constraints: These constraints are required for successful walking of the biped and to ensure that the generated trajectory is possible and valid. The vertical component of the Ground Reaction Forces (GRF) on stance foot must always be positive so that the robot's foot remains on the ground all the time during walking step. The support foot must not slip during walking after selecting a suitable value of coefficient of friction µ.
here R y and R x are the vertical and horizontal components of reaction force respectively. The ZMP of the biped must be within the interior of the support polygon.
here l p is the foot length between heel and ankle and l d is the length from toe to ankle see figure 2 . The swing foot must not touch the ground during swing phase i.e. the distance of swing foot's heel and toe must be positive.
here y heel and y toe are the vertical distances of swing foot heel and toe respectively during swing phase. The heel and toe velocities of the foot leaving the ground just after impact must be positive to ensure takeoff (23) and the foot coming in contact with ground must not slip or bounce back during impact (24) .
2) Technological Constraints: These constraints consist of physical limitations of the robot's actuators and articulations. Each actuator can produce a limited torque and velocity. The upper and lower joint configuration limits must also be satisfied.
Where Γ i,max andq i,max represents the maximum value of torque and velocity respectively for each actuator and q i,min and q i,max are the minimum and maximum joint position limits respectively.
V. RESULTS In this section we present the simulation results obtained for all the four cases presented in Section II. We compare the optimization criteria obtained for all cases with that of our basic robot in case A and then present the percentage of energy saved in each case. The data points are joined using fourth order polynomial interpolation to have smooth curves.
Our results show that the most effective way to reduce energy consumption during walking is to add springs to the support joints only and the most economical is the hip joint (see fig. 3 ) which economizes up to 85% of energy at 0.85 m/sec as presented in figure 4. Adding springs to the support leg is possible by having a variable spring stiffness mechanism [25] capable of producing spring stiffness from zero to required value, however this mechanism will add an additional mass and the robot's parameters will change. The second version of AwAS (A new Actuator with Adjustable Stiffness) is a light weight actuator, whose stiffness can be tuned from zero to rigid [12] .
In our simulation tests, we assumed that this mechanism is massless and the energy consumed by the mechanism is negligible. To avoid this variable stiffness mechanism, we restrained ourselves to the simple option and studied the effects of adding identical torsional springs to both legs. Figure 3 presents the evolution of criterion for our robot in case A, case B1 where spring was introduced to the support knee and then to support hip and case B2 where identical springs were added to both hip joints. Figure 3 shows that the optimization criterion is significantly reduced after introducing identical springs to both hip joints in parallel with existing actuator. It was however observed that adding springs to both knees or ankles were not effective in our case contrary to [19] , [24] where they found ankle springs useful for stability and energetic efficiency. This is because we considered a flat foot impact and there is no double support phase and no rotation of support foot during entire swing phase. In addition we kept the spring offset angle zero which can improve the role of ankle springs if tuned properly. Figure 5 gives the evolutions of selected criterion as a function of walking speed for our biped in case A, case B2 where identical springs were added to both hip joints, case C2 where knee locking angle β of 1 degree was obtained from case C1 and for a biped in case D with an identical spring on both hips and support knee locked. The energy consumption for a biped with support knee locked and springs on both hips is always less than that of a biped with only knee locking or hip springs.
The evolution of percentage energy saved is represented in figure 6 which shows that the combined energetic efficiency of locking support knee and adding identical torsional springs to both hips is always greater than the individual effect of locking knee or adding springs to both hips.
VI. CONCLUSION AND PERSPECTIVES
In this paper we studied a seven-link bipedal robot with three different strategies, first by adding torsional springs to different joints, second by mechanically locking the knee and third by combining the two strategies i.e. locking the support knee and adding identical springs to the hip joints which give the maximum energetic economy. The main focus of the study was to economize the energy consumption of a bipedal robot during walking. We conclude from this study that the energy consumption of a biped during walking is significantly reduced by adding identical torsional springs at the hip joints and mechanically locking the knee. The energetic efficiency of blocking the knee alone or adding springs to the hip joints only is also noticeable. This strategy will significantly improve the energetic efficiency as well as the autonomy of our biped.
In line with the previous research, our study reinforces the idea of using passive joint stiffness to improve energetic efficiency of the biped especially on the hip joints in our case. However, contrary to previous work, ankle springs were not effective in our study.
In perspective of this study, the next step is to explore the effects of spring offset or bias angle and the ankle springs with foot rotation on the energetic efficiency of the biped. A more complex walking gait with foot rotation and double support phase can also be studied. This can also be extended to study effects on a 3D bipedal robot.
